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1-2 Among natural antioxidants, caffeic acid, which is found in various agricultural products such as fruits, vegetables, wine, olive oil and coffee beans, has multiple mechanisms involving free radical scavenging, metal ion chelation and inhibitory actions on specific enzymes that induce free radicals. [3] [4] However, since caffeic acid is not approved for direct use in food, due to its suspected role as a human carcinogen, based on testing in mice, [5] [6] the need has arisen to develop an analogue with similar biological properties.
With the goal of finding a new analogue of caffeic acid, we previously reported the synthesis of 1-hydroxy-2-pyridone analogues of caffeic acid by the application of bioisosterism and the evaluation of their antioxidant activities. 7 In a continuation to our previous efforts, we herein describe the synthesis of caffeic acid analogues, where the hydroxy group in the catechol moiety was replaced by either carboxylic acid or a hydroxymethyl group at the meta or para position, and report their antioxidant activities in primary cortical neuron cells.
The synthesis of the 4-substituted analogues is illustrated in Scheme 1. First, 4-aminosalicylic acid 1 was converted to its methyl ester 2 using sulfuric acid and methanol at reflux condition to prevent any unwanted reaction from involving carboxylic acid in the next reaction. The amino group in 2 was diazotized with sodium nitrite and then reacted with potassium iodide to give methyl hydroxy 4-iodobenzoate 3 via the Sandmeyer reaction. 8 After the hydroxyl group in 3 was protected with acetyl chloride, the resulting methyl acetoxy iodobenzoate 4 was reacted with t-butyl acrylate using K 2 CO 3 and Pd(OAc) 2 in dimethylformamide (DMF) at 85 o C for 16 h to afford 5 via the Heck reaction. Hydrolysis of both the acetoxy group and the methyl ester group in 5 afforded 6, where the hydroxy group at the para position in caffeic acid was substituted with the carboxylic acid group. To investigate the importance of the double bond in caffeic acid on the antioxidant activity, the double bond in 5 was reduced under hydrogen condition in the presence of Rh on alumina (0.5 wt % support alumina) to give 7, where both methyl ester and t-butyl ester were hydrolyzed to afford the dihydrocaffeic acid derivative 8. Reduction of the carboxylic acid group in 7 with 1 equivalent of lithium aluminum hydride (LAH) in THF afforded the corresponding hydroxymethyl derivative 9, which was hydrolyzed in basic condition to afford the 4-substituted hydroxymethyl analogue of dihydrocaffeic acid 10.
As shown in Scheme 2, the 5-substituted analogues were started from 5-iodosalicylic acid 11 and the similar reaction conditions for the synthesis of 4-substituted analogues of caffeic acid were used for the synthesis of 5-substituted analogues. Accordingly, esterification followed by reaction with acetyl chloride afforded the methyl acetoxy iodobenzoate 12, which and caffeic acid were measured using the previously reported primary cortical neuron cells method 9 and their results are summarized in Table 1 .
The 4-substituted analogues, 6, 8 and 10, where the hydroxy group in the para position in caffeic acid was replaced by either carboxylic acid or a hydroxymethyl group, did not exhibit any antioxidant activity, while the 5-substituted analogues, 16 and 18, where the hydroxy group in the meta position in caffeic acid was replaced by either carboxylic acid or a hydroxymethyl group, revealed significant antioxidant activity, even though their activities were weaker than that of caffeic acid. Interestingly, although it was reported that caffeic acid and its reduced form, dihydrocaffeic acid, did not show significant difference in liver lipid peroxidation, 10 in our experiment, 14, which possesses the double bond, did not show any activity, while the corresponding 16, which is devoid of any double bond, exhibited significant antioxidant activity. This result implied that the single bond played an important role in the antioxidant activity in our case. However, the hydroxymethyl analogue 18 exhibited less inhibitory activity than the carboxy analogue 16, with IC 50 values of 14.8 μM and 7.25 μM, respectively. These results clearly indicated that the hydroxyl group in the meta position can be replaced with other moieties, such as carboxylic acid or a hydroxymethyl group, while the hydroxyl group in the para position is indispensable for maintaining the antioxidant activity.
In conclusion, we have successfully synthesized six compounds where the hydroxy group in the meta or para position in caffeic acid and dihydrocaffeic acid was replaced by either carboxylic acid or a hydroxymethyl group. We found that the hydroxyl group in the para position plays important roles in the regulation of antioxidant activity.
Experimental
Instruments and chemicals. Melting points were obtained on a Fisher-Johns melting point apparatus. IR spectra were recorded on KBr pellets and NaCl plates with Nicolet 6700 FT-IR spectrometer and are expressed in cm (
E)-4-(2-Carboxyvinyl)-2-hydroxybenzoic acid (6).
To a solution of 5 (200 mg, 0.624 mmol) in THF (10 mL) was added 1 N NaOH solution (1.87 mL, 1.87 mmol). The mixture was heated at reflux temperature for 2 h. The solution was cooled to room temperature and the pH was adjusted to ca. 5 with 1 N HCl solution. The mixture was extracted with ethyl acetate and the organic layer was washed with water, dried over Na 2 SO 4 and concentrated in vacuo. The formed solid was dissolved in TFA (4 mL) and dichloromethane (10 mL 
4-(3-tert-Butoxy-3-oxopropyl)-1,2-phenylene diacetate (7).
To a solution of 5 (3.00 g, 9.40 mmol) in methanol (60 mL) was added Rh on 0.5 wt % support alumina 3.2 mm pellets (800 mg) under H2. The resulting mixture was stirred at room temperature for 8 h. After the solution was filtered through celite, the residue was concentrated in vacuo to give the title compound as a yellow oil (2.73 g, 90.4%). IR (NaCl, cm (E)-Methyl 2-acetoxy-5-(3-tert-butoxy-3-oxoprop-1-enyl) benzoate (13). 12 (10.9 g, 34.1 mmol) was subjected to the same reaction described for the synthesis of 5 to give the title compound as a pale yellow oil (6.02 g, 55.2%). IR (NaCl, cm 2-acetoxy-5-(3-tert-butoxy-3-oxopropyl)benzoate  (15). 13 (1.20 g, 3 .75 mmol) was subjected to the same reaction described for the synthesis of 7 to give the title compound as a yellow oil (1.09 g, 90.1%). IR (NaCl, cm 3-(4-Hydroxy-3-(hydroxymethyl)phenyl)propanoic acid (18). 17 (100 mg, 0.396 mmol) was subjected to the same reaction described for the synthesis of 6 to give the title compound as a white powder (30.0 mg, 38.5% 
